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Abstract
We consider a simple extension of the Standard Model to consistently explain the observation
of a peak in the galactic X-ray spectrum at 3.55 keV and the light neutrino masses along with the
baryon asymmetry of the universe. The baryon asymmetry is generated through leptogenesis,
the lepton asymmetry being generated by the decay of a heavy neutrino with TeV mass scale.
The extra singlet fermion introduced in the model can be identified as a dark matter candidate
of mass 7.1 keV. It decays with a lifetime much larger than the age of the universe, producing
a final state photon. The Yukawa interactions between the extra singlet neutrino and a heavier
right-handed neutrino play a crucial role in simultaneously achieving low scale leptogenesis and
relic density of the keV dark matter candidate.
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I. INTRODUCTION
The identity of the dark matter remains a mystery in particle physics and cosmology.
Recent observation of a peak in the galactic X-ray spectrum at 3.55 keV [1, 2] can be
interpreted as a signal of the existence of a 7.1 keV dark matter candidate. This dark matter
can decay to produce final state photons which can explain the observed X-ray signal. A
variety of self-consistent models [3] have been studied to explain the cosmological data as
well as the galactic X-ray spectrum and confront them with experiments.
Sterile neutrinos can not only be a good candidate for warm dark matter [4, 5], but
also play an essential role in achieving smallness of neutrino masses [6] and baryogenesis
via leptogenesis [7]. The sterile neutrino states can mix with the active neutrinos and such
admixtures contribute to various processes which are forbidden in the Standard Model and
can affect the interpretations of cosmological and astrophysical observations [8]. As required
from the observation of the galactic X-ray spectrum, they can radiatively produce photons
through their mixing with active neutrinos [9]. Thus, the masses of the sterile neutrinos and
their mixing with the active neutrinos are subject to current experimental, cosmological and
astrophysical constraints as well as the recent observation of the galactic X-ray spectrum.
In ref.[10], a model for low scale leptogenesis has been proposed. In the model, tiny
neutrino masses are achieved by introducing extra singlet neutrino on top of heavy right-
handed Majorana neutrinos. The extra Yukawa couplings between singlet neutrinos allow
us to lower the scale of leptogenesis down to TeV scale. In this paper, we revisit this model
to investigate whether the extra singlet neutrino with 7.1 keV mass can be a dark matter
leading to 3.55 keV photon peak. We will show how the required size of the mixing parameter
between the extra sterile neutrino and active neutrinos can be achieved in the model so as
to explain the galactic X-ray spectrum. Since the extra singlet neutrino in the model is out
of equilibrium for any time after inflation, it must be produced by non-thermal mechanism.
We will show that the light sterile neutrino can be produced via the out-of-equilibrium decay
of singlet scalar field [12] which is initially assumed to be in thermal equilibrium in early
Universe and then decoupled at the temperature around the scale of singlet scalar mass of
order 100 GeV. We do not consider the possible production mechanism of the warm dark
matter candidate via neutrino mixing at low temperature [4] because it is not dominant
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for the sterile neutrino with mass above 3.5 keV [12]. As will be shown later, the coupling
between the extra singlet neutrino and singlet scalar plays an important role in achieving
low scale leptogenesis and the right amount of relic density for the sterile neutrino as a dark
matter. So in this model, there will be a connection between lepton asymmetry and relic
density of dark matter.
In sec. II, we set up the model and show how the extra sterile neutrino has mass of
around 7.1 keV and that we can get the required size of the mixing angle between the extra
sterile neutrino and active neutrinos so as to accommodate the result of the galactic X-ray
spectrum. In sec. III, we show how low scale leptogenesis can be realized in this model.
Sec. IV is devoted to the derivation of the relic density of the extra sterile neutrino as a
dark matter. Here, we will discuss how the lepton asymmetry can be connected to the relic
density of the extra singlet neutrino. In Sec. V we look at the possible decay channels of
the sterile neutrino dark matter candidate and the production of 3.55 keV photon signal.
Some comments and conclusion will be given in Sec. VI.
II. MODEL AND DARK MATTER CANDIDATE
On top of the seesaw model, we introduce a singlet neutrino, χ, and a singlet scalar field,
η. The mass terms and Yukawa interactions in the Lagrangian we consider is given in the
charged lepton basis as [10]
L = MNiNTi Ni + YDij  ¯LiHNj + Yχiχ¯ηNi − µχTχ+ h.c. , (1)
where  Li, Ni, H stand for SU(2)L lepton doublet with flavor index i, right-handed singlet
neutrino and an SU(2)L scalar doublet field respectively. We impose a Z2 symmetry under
which the fields η and χ are odd and all the other fields are even. This Z2 symmetry, if
unbroken, would immediately imply that the lightest singlet neutrino χ is stable and can
be a dark matter candidate. This is not strictly true for our model as the Z2 symmetry is
broken once the scalar singlet η gets a non-zero vacuum expectation value. Although χ is
no longer stable, it is still a viable dark matter candidate since its lifetime is much longer
than the age of the universe as will be discussed later.
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The scalar potential in this model is given as [13]
LScalar = µ
2
H
2
H†H +
λH
4
(H†H)2 +
µ2η
2
η2 +
λη
4
η4 +
λHη
2
(H†H)η2. (2)
Defining the vacuum expectation values of the neutral component of H and η fields as v and
u respectively, we expand the fields as H → h√
2
+ v and η → η + u. This gives us a 2 × 2
mass squared matrix for the scalar fields given as
 λHv2 √2λHηuv√
2λHηuv 2ληu
2

 . (3)
Assuming λHη << λH , λη we get the eigenvalues of this mass squared matrix as
M2H = λHv
2 +
λHηuv√
2
tan 2θ,
M2η = 2ληu
2 − λHηuv√
2
tan 2θ, (4)
where θ is the scalar mixing angle given as
tan 2θ =
2
√
2λHηuv
λHv2 − 2ληu2 . (5)
For η to be an appropriate candidate to act as the heat bath we should have λHη > 10
−6
[12]. On the other hand we need to make sure that its mixing with the Higgs boson is small
enough to not effect the Higgs signals. We thus choose λHη ∼ 10−5. For such a small λHη,
we can easily neglect its contribution to the masses of the scalars given in Eq. (4). The mass
of the Standard Model like Higgs boson isMH = 125 GeV for v = 174 GeV and λH = 0.516.
We choose the vacuum expectation value of the scalar singlet u = 100 GeV, and λη = 0.254
which givesMη = 71.3 GeV as a benchmark point for achieving right amount of relic density
for the dark matter candidate.
Let us now focus our attention to the neutrino sector in this model. The neutrino mass
matrix in the basis (νj , Ni, χ) is given as [10]
Mν =


0 mDij 0
mDij MNii Mχi
0 Mχi −µ

 , (6)
4
where mDij = YDij < H >,Mχi = Yχi < η >. Here we assume that MN ≫ Mχ ≫ µ,mD.
After integrating out the right-handed heavy neutrino sector N in the above Lagrangian,
and block diagonalization of the effective mass terms, the light neutrino mass matrix and
mixing between the active and sterile neutrinos are given by
mν ≃ 1
2
mD
Mχ
µ
(
mD
Mχ
)T
, (7)
tan 2θχ =
2mDMχ
M2χ + 4µMN −m2D
, (8)
where we omitted the indices of the mass matrices, mD,Mχ,MN and µ for simplicity.
On the other hand, the sterile neutrino mass is approximately given as
mχ ≃ µ+
M2χ
4MN
. (9)
We further assume thatM2χ ≪ 4µMN and then, the mixing angles θχ and the sterile neutrino
mass mχ are approximately given by
tan 2θχ ≃ sin 2θχ ≃ mDMχ
2µMN
, (10)
mχ ≃ µ (11)
Taking µ ∼ 7.1 keV, the sterile neutrino is regarded as dark matter leading to 3.55 keV peak
of the galactic X-ray spectrum. Then, we see from Eq.(7) that mD/Mχ ≃ 3.8(1.7) × 10−3
for mν ≃ 0.05(0.01) eV corresponding to the atmospheric (solar) neutrino mass scale in the
hierarchical spectrum. To achieve low scale leptogenesis, it is desirable to take the lightest
MN to be a few TeV. Once we take MN ∼ 10 TeV, we are led from Eq.(10) to
θχ ≃ mDMχ
4µMN
∼
(
Mχ
0.86(1.3)× 1010eV
)2
. (12)
In order for the sterile neutrino to be the dark matter with mass 7.1 keV, it is required
sin 2θχ ∼ 10−5 [1, 2]. Combining this constraint with Eq.(12), the scale of Mχ is determined
to be around 20(30) MeV, and thus mD to be 70(50) keV. Those scales of mD and Mχ
are achieved by taking YD ∼ 10−6 and Yχ ∼ 10−4, respectively for < H >≃ 246 GeV and
< η >∼ 100 GeV. When we take MN to be less 10 TeV, then we get smaller Mχ and mD.
We note that such a small mixing angle θχ between sterile and active neutrinos ensures
that sterile neutrinos were never in thermal equilibrium in the early Universe and this allows
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their abundance to be smaller than the predictions in thermal equilibrium. Thus, the right
abundance of the sterile neutrino should be achieved not by thermal production frozen out
below sterile neutrino mass but production via freeze-in decay of the scalar η as will be
shown in section IV.
III. LEPTOGENESIS
Now, let us consider how low scale leptogenesis can be successfully achieved in our scenario
by the decay of the lightest right-handed Majorana neutrino before the scalar fields get
vacuum expectation values. We take the basis where the mass terms MNij and µ are real
and diagonal. In this basis, the elements of YD and Yχ are in general complex. The lepton
number asymmetry required for baryogenesis is given by
ε1 = −
∑
i
[
Γ(N1 → l¯iH∗)− Γ(N1 → liH)
Γtot(N1)
]
, (13)
where N1 is the lightest right-handed neutrino and Γtot(N1) is the total decay rate given to
leading order by
Γtot(N1) =
(Y †DYD)11 + |Yχ1|2
4pi
MN1 , (14)
where we assume that the masses of the Higgs sectors and extra singlet neutrinos are much
smaller compared to MN1 . In addition to the diagrams of the standard leptogensis scenario
[14], there is a new contribution of the diagram which corresponds to the self energy correc-
tion of the vertex arisen due to the Yukawa interaction Yχχ¯ηN , so that the lepton number
asymmetry is given by
ε1 =
1
8pi
∑
k 6=1
([gV (xk) + gS(xk)]Tk1 + gS(xk)Sk1) , (15)
where gV (x) =
√
x{1 − (1 + x)ln[(1 + x)/x]}, gS(x) = √xk/(1 − xk) with xk = M2Nk/M2N1
for k 6= 1,
Tk1 = Im[(YDY
†
D)
2
k1]
(Y †DYD)11 + |Yχ1|2
(16)
and
Sk1 =
Im[(YDY
†
D)k1(YχkY
†
χ1
)]
(Y †DYD)11 + |Yχ1|2
. (17)
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As shown in [10], the new contributions to ε1 could be important for the case of MN1 ≃
MN2 ≪MN3 for which the asymmetry is approximately given by
ε1 ≃ − 1
16pi
MN2
v2
[
Im[(Y ∗DmνY
†
D)11]
(Y †DYD)11 + |Yχ1|2
+
Im[(YDY
†
D)21(Yχ2Y
†
χ1
)]
(Y †DYD)11 + |Yχ|2
]
R , (18)
where R is a resonance factor defined by R ≡ |MN1 |/(|MN2| − |MN1 |), and the contributions
associated with N3 are suppressed. For successful leptogenesis, the size of the denominator
of ε1 should be constrained by the out-of-equilibrium condition, ΓN1 < H|T=MN1 with the
Hubble expansion rate H , from which the corresponding upper bound on the couplings Yχ1
reads √∑
i
|Yχ1|2 < 3× 10−4
√
MN1/10
9(GeV). (19)
However, the size of Yχ2 is not constrained by the out-of-equilibrium condition, so large
value of Yχ2 is allowed for which the second term of Eq. (18) can dominate over the first
one and thus the size of ε1 can be enhanced. Taking Yχ2 = κi(YD)2i with constant κi and
(YD)1i ∼ Yχ1, the upper limit of the second term of Eq. (18) is given in terms of κ by
κiMN2
√
∆m2atmR/16piv
2.
The generated B-L asymmetry is given by Y SMB−L = −ηε1Y eqN1, where η is the efficient factor
and Y eqN1 is the number density of the right-handed heavy neutrino in thermal equilibrium
at high temperature given by Y eqN1 ≃ 45pi4 ζ(3)g∗kB 34 with Boltzmann constant kB and the effective
number of degree of freedom g∗. In this model, the new process of type χη → lH0 generated
through virtual N2(3) exchange will dominantly contribute to η. To a good approximation,
the efficiency factor can be easily estimated by replacing MN1 in the case of the typical
seesaw model with MN1(Yχ2/(YD)2i)
2 [15]. Then, successful leptogenesis can be achieved for
MN1 ∼ 104 GeV, provided that κi = Yχ2/(YD)∗2i ∼ 103 and δMN(≡MN2 −MN1) ∼ O(GeV),
which alleviate the severe fine-tuning for the mass difference between MN1 andMN2 required
for resonant leptogenesis [16]. Note that the choice of parameters as above is similar to the
case of the typical seesaw model with MN1 ∼ 104 GeV and the effective neutrino mass
m˜1 ∼ 10−3 eV for successful leptogenesis [15].
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IV. PRODUCTION OF DARK MATTER
Now, let us investigate how the relic abundance of the singlet neutrino, χ, as a keV dark
matter can be achieved. Since we assume that the Yukawa couplings Yχ1 is very small so as
to achieve small neutrino masses as well as tiny mixing angle between sterile neutrino and
active neutrino, the interactions with the couplings Yχ1 were never in thermal equilibrium
in early Universe. As shown before, in order to achieve low scale leptogenesis, large values
of Yχ2 is essential, so the interactions with Yχ2 may play an crucial role in achieving right
amount of relic abundance. In this work, we will show that the relic abundance of χ can be
achieved via so-called freeze-in process through out of equilibrium decay of the scalar η [17].
The decays of η into a pair of χ can occur via the interaction term generated after heavy
Majorana neutrino N2(3) decoupled and η got vacuum expectation value, |Yχ2|2(vη/MN2)ηχ¯χ.
We consider the possibility that the scalar interactions of η with SM Higgs H keep η in
equilibrium down to a rather low temperature ofmη, so that η remains in thermal equilibrium
and behaves as a bath particle above that. The decay width of η → χχ is given by
Γ(η → χχ) ≃ |Yχ2|
4
32pi
v2η
M2N2
mη. (20)
That decay process happens out of equilibrium at T < mη. Then the abundance of χ
becomes so flat that it can give rise to right amount of the relic density. The relic density
of χ is obtained by solving the Boltzmann equation for nχ [17],
dnχ
dt
+ 3Hnχ =
∫
dΠηdΠ2dΠ3(2pi)
4δ(4)(pη − p2 − p3)
∑
spin
|M |2η→χχfη, (21)
where p2 and p3 are the momentum of the outgoing particles, dΠi = d
3pi/(2pi)
32Ei and the
initial abundance of χ is assumed to be negligible so that we can set fχ = 0. Using the
definition of the partial decay width for η → χχ, Γη, given in Eq.(20), we can rewrite the
above equation as follows;
dnχ
dt
+ 3Hnχ = 2
∫
d3pη
(2pi)3
Γηfηmη
Eη
=
Γηmη
pi2
∫
dEη
√
E2η −m2ηe−Eη/T
=
Γηm
2
η
pi2
TK1(mη/T ), (22)
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whereK1 is the first modified Bessel function of second kind. Here we have used the Maxwell-
Boltzmann approximation fη ≃ e−Eη/T . Rewriting in terms of the yield, Yχ = nχ/S,
dYχ
dT
= −Γηm
2
η
pi2
K1(mη/T )
SH
, (23)
where S = 2pi2gS∗ T
3/45 and H = 1.66T 2
√
gρ∗/MP l. Using x = mη/T ,
Yχ ≃ 45
(1.66)2pi4
MP lΓη
m2ηg
S∗
√
gρ∗
∫ xmax
xmin
K1(x)x
3dx (24)
Taking xmax =∞ and xmin = 0, we can get
Yχ ≃ 135
4pi3(1.66)gS∗
√
gρ∗
(
MP lΓη
m2η
)
(25)
Ωχh
2 ≃ 1.09× 10
27
16pigS∗
√
gρ∗
mχ
mη
v2η
M2N2
|Yχ2|4 (26)
For a decoupling temperature of around 70 GeV, as is the case here, we can easily take
gS∗ = g
ρ
∗ to a very good approximation. Calculating the number of degrees of freedom we
get g
(S,ρ)
∗ = 86.25 in this case. Thus, the formula for the relic density can easily give us the
desired value of Ωχh
2 = 0.1198 [18] for our preferred choice of parameters given as vη = 100
GeV, mη = 71.3 GeV, Yχ2 = 10
−3, MN2 = 15 TeV and mχ = 7.1 keV. This shows that
we can easily generate the required lepton asymmetry and the correct relic density with a
relatively low seesaw scale in this model.
We would like to further investigate whether the sterile neutrino dark matter in this model
behaves as a warm or cold dark matter candidate. A knowledge of its free-streaming length,
though does not provide the entire picture, can give us some indication towards our goal. The
free streaming length depends not only on its mass but also on the production mechanism of
the dark matter particle [19]. The frozen-in production mechanism at Tprod ∼ 100 GeV leads
to a much colder dark matter candidate compared to typical warm dark matter production
via Dodelson-Widrow mechanism [20]. This is also true for our model where the sterile
neutrino dark matter candidate has a shorter free streaming length than typical warm dark
matter but still is much larger than that of cold dark matter. A detailed analysis of the free-
streaming length or the determination of the velocity profile for the dark matter is beyond
the scope of this work.
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V. DARK MATTER DECAY
The Z2 symmetry introduced in the model is broken when the scalar field η gets a vacuum
expectation value. As a result the dark matter candidate is no longer stable and can decay.
The only possible decay channels for the scalar dark matter χ would be into three active
neutrinos or into an active neutrino along with the emission of a photon [9].
χ νi
νi
Z0 νj
νj
FIG. 1: Sterile neutrino decay into three neutrinos
The primary decay channel for the final state with three active neutrinos is shown in
Fig. 1. The decay width for this process is given as
Γ3ν ≃ sin2 2θχ G2F
(
m5χ
768pi3
)
≃ 8.7× 10−31 sec−1
(
sin2 2θχ
10−10
)( mχ
1 keV
)5
(27)
where GF ≈ 1.166× 10−11 MeV−2 is the Fermi constant, mχ is the mass of the dark matter
candidate and θχ is the mixing angle between the singlet χ and the active neutrinos.
The processes for the radiative decay of the dark matter is shown in Fig. 2. In these
processes, the final state is a neutrino accompanied by the radiative emission of a photon
with an energy of mχ
2
. If the mass of the dark matter particle is 7.1 keV, the emitted photon
will have an energy of 3.55 keV. This can easily explain the recent observation of a 3.55 keV
X-ray line signal detected in the Andromeda galaxy and many other galaxies including the
Perseus galaxy.
The decay width for these processes are inversely proportional to the mass of the charged
10
χ νi
l−i
W+
γ
νi χ νi
W+
l−i
γ
νi
χ νi
H+
l−i
γ
νiχ νi
l−i
H+
γ
νi
FIG. 2: Radiative decay of sterile neutrino dark matter
lepton inside the loop and hence an electron would produce a much stronger limit on the life-
time of the dark matter particle. The smallness of the electron Yukawa coupling implicates
that the contribution from the first pair of diagrams which involve the gauge interactions
far exceed the contribution form the other pair involving Yukawa interactions. Considering
the masses of the W boson and the Higgs boson being of the same order the second pair
of diagrams are suppressed by a factor of
(
Ye
g
)2
∼ 10−11, where Ye is the electron Yukawa
coupling and g is the SU(2)L gauge coupling. Hence the first pair of diagrams are the ones
which provide any meaningful limit on the dark matter lifetime for its radiative decay.
The combined decay width for the radiative decay processes involving the gauge couplings
is given as
Γνγ ≃ 6.8× 10−33 sec−1
(
sin2 2θχ
10−10
)( mχ
1 keV
)5
(28)
Thus one can see that for mχ= 7.1 keV and sin
2 2θχ ∼ 10−10 the decay width will be
Γtotal ∼ 10−26 s−1 which leads to a lifetime much larger than the age of the universe. Hence
the dark matter can be considered to be relatively stable in the time frame of our universe’s
age.
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VI. CONCLUSION
In this work we consider a simple extension of the Standard Model with an extra singlet
scalar (η), a singlet fermion (χ) and heavy right-handed neutrinos (Ni). This model can
consistently explain the light neutrino masses along with the baryon asymmetry of the
universe. The baryon asymmetry is generated through leptogenesis, the lepton asymmetry
being generated by the decay of a heavy neutrino. A new contribution corresponding to
the self energy correction of the heavy neutrino helps in generating the required lepton
asymmetry at low scale. The Yukawa interactions between singlet neutrino χ and N2 can
play an important role in connecting this low scale leptogenesis with the relic density of
the keV dark matter candidate. In this model, the singlet fermion χ can be identified as a
dark matter candidate of mass 7.1 keV. It decays with a lifetime much larger than the age
of the universe, producing a final state photon with Eγ =
mχ
2
. This explains the recently
observed 3.55 keV photon signal from the galactic center. We present a benchmark point
of the unknown parameter set for which the required lepton asymmetry and relic density of
the keV dark matter can be obtained.
Thus we have presented here a simple extension of the Standard Model which can connect
the smallness of the neutrino mass, baryon asymmetry of the universe and the recently
observed 3.55 keV photon signal under a single framework. The model also provides a good
dark matter candidate with the correct relic density.
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